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Abstract 
Novel materials are in great demand for future applications. The discovery of graphene, a one atom thick 
carbon layer, holds the promise for unique device architectures and functionalities exploiting 
unprecedented physical phenomena. The ability to embed graphene materials in a double gated structure 
allowed on-chip realization of relativistic tunneling experiments in single layer graphene, the discovery 
of a gate tunable band gap in bilayer graphene and of a gate tunable band overlap in trilayer graphene. 
Here we discuss recent advances in the physics and nanotechnology fabrication of double gated single- 
and few-layer graphene devices.  
 
Introduction 
Graphene – a monolayer of carbon atoms arranged in a honeycomb lattice – is a novel material 
with an unprecedented combination of physical properties [1-7]. For instance, graphene is transparent 
[8], conducting [3, 4], bendable [9, 10] and yet it is one of the strongest known materials [11]. It is 
therefore not surprising that graphene-based electronics holds great promise for future applications. 
Apart from the high technological potential, the relativistic nature of charge carriers in graphene 
provides the opportunity to address fundamental questions in condensed matter physics not accessible in 
any other material [12-17]. Unlike massive charge carriers governing conduction in common 
semiconductor materials, electrons and holes in graphene obey a linear energy dispersion relation (see 
Fig. 1a) and behave as chiral massless particles: i.e., Dirac fermions [6,18]. These unusual properties lie 
at the origin of a number of novel physical phenomena, such as an unconventional quantization 
sequence in the quantum Hall regime [3, 4], Klein tunneling [19-23] and Veselago lensing [24].  
The already rich variety of physical phenomena accessible in monolayer graphene becomes yet 
more valuable when considering graphene as part of a larger family of materials: Few Layer Graphene 
(FLG). Indeed, recent experiments revealed that bilayer graphene (Fig.1b) is the only known material 
system to exhibit a gate-tunable band gap [25-35], whereas trilayer graphene (Fig.1c) is the only known 
semimetal with a gate tunable overlap between the conduction and the valence bands [36]. These 
discoveries demonstrate that each member of the FLG family is a unique material system with its own 
potential for device applications. 
Recent advances in double-gated transistor architectures demonstrated that this device 
configuration is a highly flexible platform for investigating the electronic properties of FLG. In these 
structures, graphene-materials are sandwiched between two electrostatic gates which have a dual 
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valency, i.e. they are used to independently control the local charge type and density of graphene and to 
impose a perpendicular electric field onto the FLG rendering energetically inequivalent its layers. 
Respectively, the ability to control locally the charge type allowed the creation of p-n junctions with 
tunable junction polarity in monolayer graphene [21-23, 37-42]. Whereas, the capability to impose a 
perpendicular electric field onto FLG granted access to the electric field tunable band structure in 
bilayers [26-35] and trilayers [36]. Given the relevance and the large number of experiments 
investigating a variety of physical phenomena in these double gated graphene structures, it is timely to 
review the fundamental achievements in this research area.  
In this review we will discuss the physics and nano-fabrication of double gated single- and few-
layer graphene devices. First, we will introduce few basic electronic properties of graphene and FLG 
relevant for the understanding of the reviewed experiments. Then we will review the development of 
various fabrication technologies employed to realize double gated devices. We will proceed to 
summarize the novel physical phenomena accessible in double gated structures originated by the sole 
local control of charge type and density. Finally we will discuss the tunability of FLG low energy band 
dispersion by means of an external perpendicular electric field applied onto these material systems. 
 
Electronic properties of graphene materials 
 
 The low energy band dispersion of graphene can be calculated using a tight binding model for 
electrons hopping in the honeycomb lattice [18]. The Bravais lattice of graphene consists of a unit cell 
with a basis of two carbon atoms (A and B in Fig. 1a). In a first approximation, we consider only 
hopping between nearest neighbour atomic sites since higher order hopping terms are significantly 
smaller. This results in two independent point per Brillouin zone, K and K’ –also known as valleys, 
where the valence and conduction bands touch. The electronic states close to the Fermi level (E=0, see 
Fig. 1b) can be independently described by an effective Hamiltonian for each of these two high 
symmetry K and K’ points. Respectively, HK and HK’ are: 
 
𝐻𝐾 = ℏ𝑣𝐹 � 0 𝑘𝑥 − 𝑖𝑘𝑦𝑘𝑥 + 𝑖𝑘𝑦 0 � (eq.1) 
 
 
𝐻𝐾′ = −ℏ𝑣𝐹 � 0 𝑘𝑥 + 𝑖𝑘𝑦𝑘𝑥 − 𝑖𝑘𝑦 0 � (eq.2) 
 
where both Hamiltonians operate on φ =(φA, φB)T, with φA and φB the electron/hole Bloch wave 
functions components on the A and B sublattices [43]. This two-component wave function resembles the 
spinor wavefunctions in quantum electrodynamics, where the index of the spin corresponds to the 
sublattice for graphene and is referred to as pseudospin. The resulting low energy band dispersion in 
graphene is linear 𝐸𝑘 = ±ℏ𝑣𝐹|𝑘|, revealing that charge particles in graphene are mass-less and move 
with an energy independent Fermi velocity of 106 m/s  [3, 4, 44,45] (Fig. 1b). 
 In each valley the particles wave function is an eigen function of the helicity operator, meaning 
that in the K point the pseudospin direction is parallel to the momentum for electrons (states with 𝐸𝑘 >0) and antiparallel for holes (states with 𝐸𝑘 < 0). Whereas, at the K’ point the pseudospin direction is 
antiparallel to the momentum for electrons and parallel for holes. Therefore, if we consider charge 
transport through structures where the pseudospin is conserved –i.e. in the absence of short range 
disorder potential- the backscattering is strictly forbidden since it would require intervalley scattering 
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from the K to K’ point [46, 47]. This helicity (or chirality) of Dirac fermions in graphene plays a central 
role for the Klein tunneling effect as it will be shown later. 
 
 
Figure 1. Tilted view of the crystal structure (top) and schematic band structure (bottom) of 
monolayer graphene ((a) and (b)), bilayer graphene ((c) and (d)) and trilayer graphene ((e) and 
(f)). The unit cell contains two equivalent carbon atoms –A and B– for monolayer graphene 
(a), four atoms –A1, B1, A2 and B2– for bilayer graphene (c) and six atoms –A1, B1, A2, B2, A3 
and B3– for trilayer graphene (e). For Bernal (or AB) stacked bilayer the top layer has its A1 
atom on top of the B2 atom of the bottom layer, see the dashed line in (c). Bernal (or ABA) 
stacked trilayer has the atoms in B1, A2 and B3 aligned on top of each other, see the dashed line 
in (e). The continuous lines in (b), (d) and (f) represent the schematic band structure of 
graphene-materials in the absence of a perpendicular electric field, whereas the dotted lines 
show the resulting band structure upon application of a perpendicular electric field. Note that 
the perpendicular electric field has no effect on the band structure of monolayer graphene. 
 
Though thicker few layer graphene material systems might be naively considered as the parallel 
of several single layer graphene, studies of the low energy electronic band structures of FLG 
demonstrate that each specific thickness of FLG is a unique material system remarkably different from a 
single layer. Here we will consider few-layer graphene with Bernal stacking -most often found in natural 
graphite- where A atoms in one layer are on top of B atoms of an adjacent layer, see Fig. 1.   
 The unit cell of bilayer AB-stacked graphene consists of a basis of four atoms labelled A1, B1, A2 
and B2 belonging to different atomic planes as indicated by the numerical index (Fig. 1c). Most of the 
low energy band dispersion characteristics are properly described by a tight binding calculation where 
the in-plane nearest neighbour coupling (i.e. hopping from A1 to B1 and A2 to B2 atomic site) and the 
interlayer coupling between A2 and B1 atoms are considered [48]. The bilayer’ band dispersion has a set 
of four parabolic bands in each of the two high symmetry K and K’ points. If the onsite energy for an 
electron/hole particle is independent of the atomic site, in the low energy limit the effective 
Hamiltonians [48-51] for these bands become: 
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𝐻𝐾 = − ℏ22𝑚 � 0 (𝑘𝑥 − 𝑖𝑘𝑦)2(𝑘𝑥 + 𝑖𝑘𝑦)2 0 � (eq.3) 
 
𝐻𝐾′ = − ℏ22𝑚 � 0 (𝑘𝑥 + 𝑖𝑘𝑦)2(𝑘𝑥 − 𝑖𝑘𝑦)2 0 � (eq.4) 
 
which operate on the two Bloch wavefunction components φ =(φA1, φB2)T on the sublattices A1 and B2 
located in different layers and with m the effective mass. The resulting two low energy parabolic bands 
of bilayer graphene touch each other at zero energy, making bilayer a two dimensional zero-gap 
semiconductor. Whenever the energetic equivalence between sublattices A1 and B2 is broken, the 
diagonal terms in the effective Hamiltonians of eq. 3 and eq. 4 are non zero and equal to the difference 
in the onsite energy between A1 and B2. The breaking of the interlayer symmetry in bilayer graphene 
pushes the highest valence and lowest conduction bands apart leading to the opening of a band-gap in 
the K and K’ points as shown by the dashed lines in Fig. 1d [26,49, 52]. 
 Bernal stacked trilayer graphene has the atoms in B1, A2 and B3 aligned on top of each other (Fig. 
1e). The trilayers low energy band dispersion is yet unique [36, 50, 53-61]. In particular, trilayer 
graphene is the thinnest of the few layer graphene material systems in which all the hopping parameters 
that play a role in the band structure of bulk graphite first appear. Recent tight binding calculations of 
trilayer graphene band structure have shown that the top of the valence band and bottom of conduction 
band overlap, leading to a finite density of states at the Fermi level [59, 62, 63]. When the interlayer 
symmetry of trilayer is broken, for instance by means of an external perpendicular electric field, the low 
energy parabolic electron and hole bands shift to lower energies. In a disorder-broadened energy 
window this leads to an increase in the expectation value of the band velocity at the Fermi level (E=0) 
[59, 62, 63], experimentally visible as an increase of energy overlap between conduction and valence 
band [33, 36] (see Fig. 1f). This is the opposite as the band gap opening induced by the interlayer 
symmetry breaking in bilayer graphene.  
Theoretical calculations of the gate-tunable low energy band structure of Bernal stacked FLG 
with more than three layers [62- 64] predict that breaking the interlayer symmetry of these FLG opens 
an energy gap at the Fermi level, independently of the number of layers. However, for an even number 
of layers this gap is larger than the few meV gap predicted in the case of an odd number of graphene 
layers. To date these predictions have not been confirmed experimentally since FLG electronic 
properties are largely unexplored. Also experimentally unexplored are the electronic properties of FLG 
with different stacking than Bernal, such as the rhombohedral stacking [65]. In this case, surface-state 
bands are predicted to dominate the low energies causing a strong non-linear screening effect through 
the opening of an even larger energy gap than what expected for Bernal stacked FLG. Therefore, 
rhombohedral FLG are possibly better suited for transistor applications than Bernal stacked FLG. 
Another fascinating property of graphene and its few layers is the possibility to continuously 
drive the Fermi level from the valence to the conduction band simply by applying a gate voltage, 
resulting in a pronounced ambipolar electric field effect [1, 2]. This is shown in Fig. 2 for graphene: as 
the Fermi level is driven inside the conduction (valence) band, the conductivity σ increases with 
increasing the concentrations of electrons (holes) induced by positive (negative) gate voltages. 
Whenever the Fermi level goes from the conduction (valence) band to the valence (conduction) band it 
crosses the zero density of states point – i.e. the Dirac point. Noticeably, since the early discovery of 
graphene, charge transport experiments in transistor structures revealed that even if the carrier density 
vanishes at the Dirac point, the conductivity does not go to zero but it remains finite at a value of 
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~4𝑒2/ℎ (Fig. 2) [3, 5, 67, 68]. Although a minimum conductivity at the neutrality point has been 
theoretically predicted for Dirac electrons in graphene in the ballistic regime with a value of 4𝑒2/𝜋ℎ, the 
origin of the observed minimum conductivity and its interplay with disorder in diffusive devices is 
currently fuelling both theoretical and experimental debate [6, 66]. 
 
 
Figure 2. Ambipolar electric field effect in a graphene transistor. The inset shows a 
schematic view of the transistor structure. The metallic electrodes (yellow) on top of 
graphene (black) are the transistor’s source and drain, and the Si substrate (dark blue) 
covered by SiO2 (pink) acts as the gate. The position of the Fermi level in graphene is 
controlled by the voltage applied to the gate, Vg. The conductivity σ is determined by 
applying an ac-current bias Ibias and measuring the resulting voltage V across the 
device. σ increases with increasing Vg for both gate polarities, indicating that 
electrons (holes) are induced by positive (negative) gate voltages. As the Fermi level 
is driven through the Dirac point, σ remains finite even though the carrier density 
vanishes. 
 
When Dirac fermions in graphene travel in a perpendicular magnetic field (B), they experience 
the Lorentz force which bends their trajectory. In the quantum regime, these cyclotron orbits give rise to 
discrete energy levels (Landau levels) which are remarkably different in the case of single-layer 
graphene as compared to conventional two-dimensional electron gases. Due to the unique chiral nature 
of particles in graphene, the Landau levels appear at energy values 𝐸𝑁 = ±𝑣𝐹√2𝑒ℏ𝐵𝑁 , with N an 
integer number [69,70]. In graphene a shared Landau level between electrons and holes is present at 
E=0. These Landau levels energy values are at the origin of the observed quantization sequence of the 
Hall conductance, i.e. 𝐺𝑥𝑦 = ±(4𝑒2/ℎ)(𝑁 + 1/2)  where the factor 4 accounts for spin and valley 
degeneracy (Fig. 3a) [71, 72]. In bilayer graphene the Landau levels are yet different from single-layer 
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graphene and also from common conductors. In bilayers 𝐸𝑁 = ±ℏ𝜔𝑐�𝑁(𝑁 + 1) with 𝜔𝑐 = 𝑒𝐵/𝑚 and 
the quantization sequence of the Hall conductance is 𝐺𝑥𝑦 = ±4𝑁𝑒2/ℎ for 𝑁 ≥ 1 (Fig. 3b) [49]. The 
double quantization step at E=0 is a unique property of bilayer graphene, and together with the different 
values of the quantized conductance can be used to distinguish bilayers from single-layers.  
 
 
Figure 3. Quantum Hall Effect in monolayer graphene (a) and bilayer graphene (b), from 
[73]. Copyright 2006 Nature Publishing Group. Plateaus in Hall conductivity σxy occur for 
monolayer at values (ge2/h)(N+1/2) with N an integer whereas for bilayer at values (ge2/h)N 
with N≥1 an integer. Here e2/h is the conductance quantum and g=4 is the system 
degeneracy. The distance between steps along the concentration axis is defined by the density 
of states geB/h on each Landau level with B the magnetic field and h/e the flux quantum. The 
corresponding sequences of Landau levels as a function of carrier concentrations n are shown 
in blue and orange for electrons and holes, respectively. 
 
 
The degeneracy of the Landau levels coincides with the number of magnetic flux quanta 
enclosed through the sample (𝑁𝜙 = 𝐵𝐿𝑥𝐿𝑦𝜙0 , with 𝐿𝑥 and 𝐿𝑦 dimensions of the samples and 𝜙0 magnetic 
flux quanta). For a given value of the Fermi level we indicate the number of electrons by 𝑁𝑒𝑙, we can 
determine how many Landau levels are filled by defining the filling factor 𝜈 = 𝑁𝑒𝑙
𝑁𝜙
. Note that in the 
integer quantum Hall effect the plateaus of conductance occur around integer values of 𝜈. In the bulk of 
the sample, clockwise and counterclockwise  pieces of cyclotron orbits overlap and cancel, leading to a 
vanishing of current in the bulk. At the edges, the orbits are truncated in response to the confining 
potential created by the boundary and give rise to an edge current. This current arising from states at the 
edge is a hallmark of quantum Hall systems. 
 
Fabrication of double-gated graphene devices 
 
In all the experiments discussed in this review, graphene-based materials (e.g. monolayer, bilayer, etc..) 
are embedded in a sandwich structure between two electrostatic gates: a back gate that extends over the 
entire flake and a top gate that can also cover the whole flake as well as smaller predefined regions of 
the flake leading to a local-gating action, see Fig. 4a and b. This double-gated device architecture has the 
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specific purpose to control simultaneously and independently the Fermi Energy (i.e., charge type and 
density) and the perpendicular electric field applied onto the graphene-materials. At first graphene is 
produced by mechanical exfoliation of bulk graphite and transferred onto 300nm thick SiO2 layer 
thermally grown on a highly conductive Si substrate which acts as a back gate [2-4]. Whereas, top gates 
are subsequently fabricated by deposition onto the flake of an oxide dielectric layer (e.g. SiO2, Al2O3, 
HfO2, Y2O3 air, etc..) and of a metal layer acting as a top electrode [21, 22, 27, 30, 33-38, 40-42, 74-87].  
 
 
Figure 4. (a) Schematic structure of a 
double gated trilayer graphene device. 
The bottom gate is the Si substrate 
(dark blue) covered by SiO2 (pink). 
The top gate is formed by SiO2 (pink) 
and Au (yellow). The trilayer graphene 
is contacted by Au electrodes (yellow). 
(b) AFM image of graphene with top 
gates (light brown) and electrodes 
(dark brown). 
 
 
A simple way to realize top gated graphene structures is to spin-coat a thin layer (~40nm) of 
polymethylmethacrylate (PMMA) to act as the dielectric material and then cover it with a metal 
electrode [22, 38, 78]. Exposure of PMMA to a high dose of electrons (21 mC/cm2) cross-links the 
PMMA molecules (effectively forming a network of larger molecules), making it robust to solvents that 
would otherwise dissolve it. The top metal-gate electrode is then fabricated by standard electron-beam 
lithography and lift-off on top of the cross-linked PMMA layer. Top gates fabricated by this technique 
allowed a maximum charge carrier modulation in graphene of 5*1012cm-2 [38] and they have been 
successfully employed to investigate electronic properties of p-n junctions in single layer graphene. 
However, a higher charge density modulation and a large perpendicular electric field applied onto the 
graphene-materials can only be achieved by means of dielectric materials with higher dielectric constant 
(ε) and a smaller thickness than the ~40 nm PMMA of Ref. [38].  
The emerging technology of Atomic Layer Deposition (ALD) offers a valid alternative to the 
problem of growing thin dielectric materials with good insulating properties (e.g. low leakage current 
and high breakdown field). ALD allows the controlled deposition of one atomic layer at a time of almost 
any type of oxide dielectrics, including oxides with higher ε than PMMA and SiO2, see Table 1. This 
technique requires the deposition of a catalyst layer onto graphene suitable for the formation of the 
desired oxide –typically Al2O3 [30, 37, 80, 81] and HfO2 [23, 34, 35, 83-87]. Although graphene is not 
chemically doped by this functionalization layer, in some cases the molecular structures attached to the 
graphene surface introduce a disorder potential on which the electrons in graphene scatter. Therefore, 
the electronic transport in graphene top gated structures defined by ALD is usually diffusive on a 100nm 
length-scale. The observation of physical phenomena which require ballistic electron transport –e.g. 
Klein tunneling- is only possible in very narrow top gates (less than 20nm in width [23]) which are 
technologically challenging to fabricate. Recent experiments showed that the use of a spin-coated 
organic seed layer made from a derivative of polyhydroxystyrene [34, 84] acts as a catalyst for the 
subsequent ALD growth of oxides while preserving the mobility of the underneath graphene layers. 
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Top Gate dielectric Dielectric constant / 
capacitance 
Maximum charge density 
modulation achieved  
Cross linked PMMA from [38] εPMMA~4.5 nPMMA ≤ 5x10
12cm-2 
ALD-deposited Al2O3 from [37] εAl2O3~6 nAl2O3 ≤ 2x10
12cm-2 
hydrogen silsesquioxane (HSQ) + ALD-
deposited HfO2 from [23] 
εHfO2~12 nHSQ+HfO2 ≤ 4x10
12cm-2 
Organic seed layer + ALD-deposited 
HfO2, from [34;86] 
εHfO2 + seed layer~10           — 
 
Electron-beam evaporated SiO2 from 
[33; 36]  
εSiO2~ 4 nSiO2 ~1.1x10
13 cm-2 
Air-bridge [21;40-42] εbridge~1 nbridge~4x10
12cm-2 
 
Polymer electrolyte from [31] 
(polyethylene oxide+LiClO4) 
Cpolyethylene oxide+LiClO4 =1µF/cm2 n polyethylene oxide+LiClO4~5x1013 cm-2 
Polymer electrolyte from [92] 
(polyethylene oxide+KClO4) 
Cpolyethylene oxide+KClO4=7.4µF/cm2 
at 0.01Hz 
n polyethylene oxide+KClO4~4x1013 cm-2 
Ionic liquid from [92] Cionic liquid=120 µF/cm2  
at 0.01Hz 
nionic liquid~8x1014cm-2 
Table 1. Dielectric constant, capacitance and maximum charge density modulation in top gate dielectric 
materials fabricated by various techniques. 
 
 
 
 
  
A valid alternative fabrication method to ALD relies on the direct electron beam deposition of 
thin (15nm) SiO2 on graphene and in-situ metallization of the gate [33]. In particular, it was 
experimentally demonstrated that the quality of electron-beam evaporated SiO2 dielectric –e.g. 
breakdown field and leakage current- depends critically on the details of the metallization of the top gate 
electrode. For a high quality SiO2 dielectric properties it is crucial that the oxide deposition is directly 
followed by an in-situ metallization of the top electrodes without exposure to air of the SiO2 layer (Fig. 
5a). This is evident when comparing the breakdown field and leakage current for top gates fabricated by 
in-situ deposition of SiO2/metal interface -type A devices in Fig. 5- and by exposing the SiO2/metal 
interface to air –type B devices in Fig. 5a and b. Respectively, type A devices show higher and 
reproducible values of breakdown fields compared to type B, and they are comparable to that of 
thermally grown SiO2 (Fig. 5c). A clear advantage offered by electron beam deposited SiO2 over the 
previously reviewed gate fabrication techniques is the possibility to achieve much higher values of 
external perpendicular electric fields applied onto the graphene-materials. This is evident when 
considering that the typical SiO2 thickness is 10-15nm against the 20-30nm of the ALD bilayer 
dielectric and the 40nm of cross-linked PMMA. Therefore, electron beam deposited SiO2 gate dielectrics 
are preferred to investigate the gate tunability of FLG such as a band-gap opening in bilayer graphene. 
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Figure 5. (a) Leakage current 
plotted as a function of gate 
voltage for type A top gates –
fabricated by in-situ 
deposition of SiO2/metal 
interface– with different 
areas: S = 215×195μm2 (blue 
curves), S=175×150μm2 (red 
curves) and S = 125×115μm2 
(black curves). (b) Type B top 
gates –fabricated by exposing 
the SiO2 metal interface to 
air– with S = 215×195μm2 
show higher leakage currents 
than type A top gates. The 
fact that in-situ deposition 
gives the best quality top 
gated structures is also demonstrated by the histograms in (c) of the breakdown voltage VBD for type A 
devices (with different areas) and for type B devices. For a fixed surface area (215×195μm2), the 
breakdown voltage VBD for type A is typically in the range 8 V < VBD < 9 V whereas type B devices break 
down anywhere in the range 0 V < VBD < 6 V. The increase of VBD with decreasing the area for type A 
devices possibly indicates that the properties of SiO2 close to breakdown are determined by small defects 
present in the film. Reprinted with permission from [33]. Copyright 2009 IOP Publishing Ltd. 
 
 
The fabrication methods described above rely on embedding graphene in a sandwich structure 
between oxide dielectrics. These geometries do not allow post-fabrication annealing commonly used to 
remove resist residuals and adsorbants from the graphene surface. “Air-bridge”-styled top gates 
overcome this problem by suspending a metallic bridge across the graphene flake, with air or vacuum 
acting as the dielectric (see Table 1) [21, 40-42]. Fig. 6a illustrates the procedure for the fabrication of 
suspended top gates. Two layers of PMMA with different molecular weights are spun on the flake: a soft 
resist (495 K) on top of a hard resist (950 K). Patterning is accomplished via low-energy (10 kV) e-beam 
lithography and different exposure doses for the bridge span and pillars. The dose in the span is just 
enough to expose the soft resist but too small to affect the underlying hard layer. Both layers are 
exposed at a larger dose in the areas of the pillars (and contacts). The structures are then developed and 
covered with 5/250 nm of Cr/Au. A standard lift-off procedure removes PMMA leaving the bridge with 
a span up to 2 µm supported by 2 pillars (see Fig. 6b).  
 
Figure 6. (a) Three stages of the air-bridge 
fabrication. (b) A false-colour SEM image of 
a graphene flake with a metal air-bridge gate. 
Reprinted with permission from Ref. [21]. 
Copyright 2008 American Chemical Society. 
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The need to combine electron transport with optical studies [30, 31] requires optical access to the 
graphene material underneath the gate electrode. Transparent top gates have been fabricated by 
deposition of Al2O3 dielectric and a very thin Pt film (20nm) that is electrically conductive but optically 
transparent [30]. Another method for the fabrication of top-gate structures compatible with optical 
access to the graphene is based on transparent solid polymer electrolyte (where inorganic ions are 
solvated into an organic polymer) [31]. In this case the solid polymer electrolyte covers the graphene 
flake whereas the metal gate electrode is placed next to the flake, rending the top gate fully transparent. 
A voltage applied to the metal gate electrode creates mobile ions in the electrolyte. These ions are driven 
to the graphene/electrolyte interface where they form an electronic double layer (EDL) acting as a 
capacitor.  
The ionic gating of graphene by means of solid polymers not only allows for transparent gates, 
but the capacitance of such a gate (~1 µF/ cm2) is two orders of magnitude larger than that of gates 
based on oxide dielectrics (~12nF/cm2 for 300nm SiO2) because the EDL is only a few nm thick. 
Accordingly, an ionic gate can accumulate more carriers and give access to much greater electric field 
strengths than conventional, oxide-based gates (see Table 1). Such a high carrier density is valuable for 
technological applications (e.g. low voltage graphene transistor operation [88] and high-sensitivity 
graphene-based chemical and biological sensors [89]), as well as for observing new physical phenomena 
predicted to occur in the high carrier density regime (e.g. superconductivity [90, 91]). In this respect, 
ionic liquids (composed only of organic ions) enable even higher ion concentration than polymer 
electrolytes, resulting in a further reduction of the EDL thickness (~ 1nm) and higher charge density 
(approaching nionic liquid~1015cm-2 [92]). 
 
p-n junctions in single layer graphene 
The ability to control locally the charge type and density in top gated graphene devices enabled a 
conceptually novel way to fabricate p-n junctions. Unlike in standard semiconductors where the carrier 
type is fixed by chemical doping during the growth process, in graphene the Fermi level can be 
continuously driven between the valence and conduction bands simply by applying a gate voltage, i.e. 
electrostatic doping which leads to ambipolar transistors. Therefore, local top gates fabricated on 
graphene allow the independent control of the electric field polarity applied to adjacent graphene regions 
–e.g. one covered by a top gate and the other not, originating an in-plane gate tunable p-n junction [21-
23, 37-42]. Although graphene is certainly not the only material to exhibit this ambipolar transistor 
behaviour (e.g. organic single crystals [93, 94]), the high charge carriers mobility (higher than in silicon) 
makes graphene the ideal platform for investigating experimentally a large variety of physical 
phenomena both in the most common diffusive transport regime as well as in the ballistic regime. 
 In what follows we will review the charge transport through in-plane gate tunable p-n junctions 
in single-layer graphene. At first we will summarize the electrical characteristics of diffusive junctions, 
and then we will discuss the feature of novel physical phenomena, such as Klein tunneling, 
characteristic of ballistic Dirac particles impinging on a tunnel barrier. 
 
Diffusive junctions 
 
Fig. 7a shows the simplest form of a single graphene p-n junction [37]: the back gate is used to 
control the charge density over the whole flake (region1 and region2), whereas the top gate controls the 
charges in the region below it (region2). The independent control of carrier type and density in the two 
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regions (i.e. Fermi level) is demonstrated by measuring the resistance across two contacts, one outside 
the top gate region and one underneath the top gate, as a function of back gate voltage VBG and top gate 
voltage VTG (see Fig. 7b). A color scale plot of the sheet resistance reveals a skewed ridge corresponding 
to the maximum value of resistance (charge–neutrality point). This divides the (VTG,VBG) space into four 
quadrants with distinct carrier type (holes or electrons) for each of the two regions forming the sample. 
The charge neutrality point in region 1 does not depend on VTG, and therefore appears as a horizontal 
ridge. On the other hand, the charge neutrality in region 2 depends on both top and back gate forming a 
diagonal ridge in the plot of Fig. 7b. At (VTG,VBG) ≈ (−0.2 V, −2.5 V) charge neutrality is attained 
throughout the entire graphene sample. 
 
 
 
Figure 7. Panel (a) shows a schematic design of p-n junction device realized on a single layer 
graphene. The color coded plot in panel (b) shows the two-terminal resistance as a function of 
VTG and VBG measured between the contacts in Region1 and Region2. These measurements 
demonstrate the independent control of carrier type and density in both region 1 and 2. (From 
ref. [37]. Reprinted with permission from AAAS. Copyright 2007 by the American Association 
for the Advancement of Science.) 
 
Charge transport measurements of a p-n junction system in the quantum Hall regime reveal a 
rich scenario of quantization values of the conductance (Fig. 8). For a single layer graphene flake with 
uniform carrier density and type, the quantum Hall effect manifests in a unique series of conductance 
plateaus at half integer multiples of 4e2/h [3,4], as introduced in the section electronic properties of 
graphene materials. This integer QHE in graphene is responsible for the plateaus at 6e2/h and 2e2/h 
observed in the unipolar regime by Williams et al. [37].  
However, the measurements in Fig. 8 clearly demonstrate the emergence of new plateaus at e2/h 
and (3/2)e2/h. The origin of these plateaus is traced back to the equilibration of edge states at the p-n 
interface, and are characteristic of this in-plane heterointerface as theoretically calculated by D.A. 
Abanin et al. [95]. When the filling factors ν1 and ν2 of region 1 and 2 have the same sign (n-n or p-p 
case), the edge states common to both regions propagate from source to drain (see Fig. 8d), whereas the 
remaining |ν1 - ν2| edge states in the region of highest absolute filling factor circulate internally within 
that region without contributing to the conductance. This gives rise to conductance plateaus at 
g=min(|ν1|,|ν2|)x2e2/h. On the other hand, if the filling factors ν1 and ν2 have opposite sign (n-p or p-n), 
the counter-circulating edge states in region 1 and 2 travel in the same direction along the p-n interface 
(see Fig. 8e). This facilitates mode mixing between parallel travelling edge states. Whenever the current 
entering the junction region is uniformly distributed among the parallel travelling modes, complete 
mode mixing occurs and quantized plateaus are expected at g=|ν1||ν2|/(|ν1|+|ν2|)2e2/h.  
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Figure 8.  Panel (a) and (b) show conductance measurements respectively at ν1 = 6 and ν1 = 
2. The conductance displays plateaus at 6, 2, and (3/2) e2/h in (a) and plateaus at 2, 1, and 
(3/2) e2/h in (b). The table in (c) summarizes the expected conductance plateau values as a 
function of filling factors. The purple and red lines correspond to slices in (a) and (b). (From 
ref. [37]. Reprinted with permission from AAAS. Copyright 2007 by the American 
Association for the Advancement of Science). (d) Schematic of edge states propagating from 
source to drain in regions with filling factors of the same sign. (e) Schematic of counter-
circulating edge states in regions with filling factors of opposite sign. 
 
The single p-n graphene junction represents only the first step towards more complex in-plane 
heterostructures with novel electronic functionalities as compared to standard semiconducting devices. 
For instance, two back to back p-n junction devices form an in-plane bipolar junction device with gate 
tunable potential barriers [38-42]. Graphene p-n-p (n-p-n) structures were first experimentally realized 
by Huard et al. [38], see Fig. 9. The combination of a back and top gates identifies 3 distinct graphene 
regions whose charge densities n2 (underneath the top gate), n1=n3 (everywhere else) and charge carrier 
type are controlled by the gate voltages. Clear evidence for the presence of these 3 distinct graphene 
regions is found in two probe resistance (R2p) measurements of the device as a function of VBG and VTG 
(see Fig. 9b). R2p displays maximum values for specific combinations of gate voltages applied to the top 
and back gate -i.e. white ridges in the colour code plot of Fig. 9b. When the Fermi level lays on the 
charge neutrality point in region 1 and 3, R2p exhibits a top gate independent ridge; vice versa when the 
Fermi level lays on the charge neutrality point in region 2, the ridge of R2p is skewed in diagonal because 
it is affected by a combination of VBG and VTG.  
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Figure 9. (a) Cross-section view of a double gated bipolar junction with cross-linked PMMA as a top-
gate dielectric. Bottom panel shows a simplified model for the electrochemical potential U of electrons 
in graphene along the cross section of the device shown on top. The potential is shifted in region 2 by 
the top gate voltage and shifted in both regions 1 and 2 by the back gate voltage. (b) Two-dimensional 
gray scale plot of the resistance across the graphene sample at T=4K as a function of both gate voltages. 
Here Vb is the back gate voltage (reffered to in the main text as VBG) and Vt is the top gate voltage 
(VTG). The resistance values are indicated in the curves of panel (c) which are cuts along the 
correspondingly colored lines of (b). Reprinted figure with permission from [38]. Copyright 2007 by the 
American Physical Society. 
 
Transport measurements in these bipolar p-n-p/n-p-n junctions in the quantum Hall regime [39, 
41, 42] reveal a highly complex scenario of new quantization values for the conductance, which differ 
significantly from those found for single p-n junctions [37]. Fig. 10 shows the conductance plateaus 
occurring at values close to fractional values of e2/h, including 2/3, 6/7, and 10/9.  These values of 
conductance quantization are characteristic of bipolar junctions and go clearly beyond the half integer 
quantum hall plateaus of 4e2/h that are the hallmark of a homogeneous single layer graphene device. The 
understanding of the QHE in bipolar graphene junctions requires appropriate consideration of edge state 
formation and propagation together with the details of the charge density landscape throughout the 
device.  
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Figure 10. Panel (a) shows a colour code plot of conductance versus local top gate voltage 
(VLG) and back gate (VBG) at magnetic field B=13 T, and T=4.2 K. Here VLG represents the 
top gate voltage, reffered to in the main text as VTG. The black cross indicates the location 
of filling factor zero. Inset: Conductance at zero B in the same range of gates and the same 
colour scale as main. Graphs (b,c) show the projection of the conductance traces extracted 
from (a) respectively along the red and orange dashed line, showing fractional values of the 
conductance. Numbers on the right indicate expected fractions for the various filling factors 
-numbers below the trace indicate the filling factor; see also the simulated colour map of 
the theoretical conductance plateaus in (g). (d), (e), and (f ) show different edge state 
diagrams representing possible equilibration processes taking place at different charge 
densities. Reprinted figure with permission from [39]. Copyright 2007 by the American 
Physical Society. 
 
 
We start from considering a larger number of edge-states outside the top gate than under it (Fig. 
10d) –that is the same carrier type is accumulated throughout the device with lower charge density under 
the top gate than outside (e.g. n-n0-n or p-p0-p). In this case, the edge-states existing only outside the top 
gate are fully reflected at the p-n interface while those present in both regions are fully transmitted. 
Naturally only the transmitted edge-states contribute to the net conduction throughout the device. A 
more interesting situation –unique to bipolar junctions- occurs when the density under the gate is higher 
than the density outside the gate, with the same carrier type over the whole device (Fig. 10e). In this case 
the large number of edge-states under the local gate can partially equilibrate the different edge-states 
outside the local gate, producing the quantization sequence G(e2/h)= 6/5, 10/9, 30/7... [39, 41, 42]. 
Conversely, when the regions outside and under the local gate have opposite carrier type accumulation, 
the edge-states counter-circulate in the p and n areas (see Fig. 10f), running parallel to each other along 
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the p-n interface. Such propagation leads to mixing and full equilibration among edge-states at the p-n 
interfaces, with conductance plateaus at G(e2/h)= 2/3, 6/5, 6/7... [39, 41, 42].  
 
Ballistic junctions  
 
The opposite transport regime to the diffusive is the ballistic regime, that is charge carriers can travel 
throughout a p-n-p (n-p-n) bipolar junction device without experiencing scattering events [21-23]. This 
regime hosts a variety of novel physical phenomena which highlight the massless relativistic character 
of charge carriers in graphene. Klein tunneling [19, 20], particle collimation [23], and Veselago lensing 
[24] are physical phenomena intimately related to ballistic Dirac fermions. In this section we will review 
the main experimental evidence for ballistic transport in bipolar graphene junctions and its implications. 
The Klein paradox [96] predicts that an incident relativistic electron on an infinite potential 
barrier transforms into an anti-particle (positron) inside the barrier and moves freely in this otherwise 
forbidden region, i.e. high transmission probability through an infinite barrier [19, 20]. Thanks to the 
relativistic nature of charge carriers in graphene, it is now possible to observe the Klein paradox on a 
chip. We consider a normal incident charge carrier to a graphene n-p interface with a smooth potential 
which does not introduces inter-valley scattering [46, 47]. Due to the chiral nature of Dirac fermions in 
graphene, for an incoming electron in the K point the pseudospin is parallel to the momentum. Since the 
n-p interface potential is smooth on the atomic scale, the pseudospin is conserved in the tunneling 
process [46, 47]. Therefore, the electron impinging perpendicular onto the n-p junction cannot 
backscatter in a counter propagating electron state which would be in the K’ point, but it scatters in a 
counter propagating hole state which has opposite momentum direction but with the same pseudospin 
direction as the impinging electron. This leads to a transmission probability 1 through the p-n junction. 
More in general, due to Klein tunneling normally incident charge carriers are perfectly 
transmitted through a ballistic p-n junction whereas obliquely incident charge carriers have a 
transmission probability which depends on the angle of incidence. This transmission of carriers through 
graphene p-n junctions resembles optical refraction at the surface of metamaterials with negative 
refractive index: i.e. the electric current is focussed by a graphene p-n junction. This effect can be 
extended to realize electric current lenses in n-p-n structures. Furthermore, if we consider particles 
incident onto such bipolar n-p-n (p-n-p) graphene junctions under angles where neither the transmission 
probability nor the reflection probability are too large, quantum interference phenomena have to be 
expected since a resonant cavity is formed between the two p-n interfaces. 
The first experimental evidence of Klein tunneling in graphene-based ballistic bipolar junctions 
was reported in electric transport measurements in double-gated graphene devices with a bridge gate 
electrode [21]. In comparison to the diffusive transport regime, the maximum resistance measured in the 
ballistic regime through bipolar junctions is systematically higher (see Fig. 11). This can be understood 
when considering that due to the Klein tunneling process, the tunneling probability for obliquely 
impinging electrons to each p-n junction is lower in the ballistic transport regime than in the diffusive 
case. Therefore a higher interface resistance has to be expected for the ballistic regime compared to the 
diffusive regime. In addition, experiments revealed reproducible oscillations of the resistance maximum 
as a function of the gate applied to the bridge electrode (Fig. 11b, c and d). These oscillations are 
intimately related to oscillations of the transmission coefficient caused by quantum interference of chiral 
carriers within a ballistic bipolar junction [21]. Similar transport experiments in double gated structures 
provided evidence of Klein tunneling in the quasi-ballistic regime [22] achieved at high charge density 
induced by the top gate (nTG>3x1012cm-2). However, the direct observation of quantum interference 
effects in these devices requires fully ballistic transport throughout the bipolar junctions.  
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Figure 11. (a) Resistivity of samples with different mobility as a function of the back-
gate voltage, at Vtg= 0. Here Vbg is the back gate voltage (reffered to in the main text as 
VBG) and Vtg is the top gate voltage (VTG). Points indicate the fixed values of Vbg where 
the top-gate voltage was swept to produce p-n-p junctions. (b) The resistance of sample 
S1 as a function of top gate voltage at different Vbg. (c,d) The resistance as a function of 
top-gate voltage at different Vbg of samples S2 and S3, respectively. Points show the 
results of the calculations of the expected resistance assuming diffusive transport of 
carriers. Reprinted with permission from [21]. Copyright 2008 American Chemical 
Society   
 
Magneto-transport experiments focussing on this oscillatory part of the resistance were able to 
estimate the magnitude and phase of the transmission and reflection coefficients through a ballistic 
heterojunction [23]. A perpendicular magnetic field (B) applied to the graphene bends the trajectories of 
the carriers, and therefore it modifies the charge carriers’ angle of incidence at each p-n junction. Since 
the transmission (and reflection) coefficient is a function of the angle of incidence at the p-n junction 
(Klein tunneling), the external magnetic field allows the control of transmission and reflection 
coefficients in graphene p-n junctions. As B increases, the cyclotron bending favours the transmission of 
modes incident on the junctions at angles with the same magnitude but opposite sign. For perfect 
transmission, at normal incidence, the reflection amplitude changes sign as the sign of the incidence 
angle changes, causing a π shift in the phase of the reflection amplitudes [97]. In the devices 
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investigated by Young et al. [23] the field at which this phase shift occurs is in the range of 250-500mT 
(see Fig. 12).  
 
Figure 12. Panel (a) shows a 
color coded plot of the 
derivative of the conductance 
with respect to the charge 
density induced by the top 
gate (n2) as a function of top 
(n2) and back (n1) gate 
charge densities forming 
bipolar p-n junctions. The 
oscilations in conductance 
are aparent when the 
densities n1 and n2 have 
opposite signes. (b) 
Conductance measurements vs. n2 for fixed n1 at different external magnetic field values applied 
perpendicular to the sample (from the bottom to the top conductance curve  B=0, 200, 400, 600 and 
800mT); the dots represent data, the smooth lines are the result of the simulations. The sudden phase 
shift that signals the presence of perfect transmission is indicated by dotted arrows. Curves are offset for 
clarity. (From ref. [23]. Copyright 2009 Macmillan Publishers Limited.) 
 
 
Electric field tayloring of few layer graphene’s band structure 
 
Although the ability to control locally the charge type and density in single-layer graphene has 
allowed the investigation of unprecedented physical phenomena, graphene-transistors lack of a 
necessary requirement for nowadays applications. The gapless low energy band dispersion of graphene –
governed by the equivalence between A and B lattice sites, see Fig. 1-  makes it difficult to envisage 
transistor devices in which a gate voltage can switch on and off the flow of charge carriers. So far, 
various approaches have been proposed or implemented to break the symmetry between the A and B 
sites leading to the opening of an energy band gap in graphene. Examples are offered by strain 
engineering [98, 99], graphene-substrate interaction [100, 101], confinement [102] and chemical 
modifications of graphene [103].  
An alternative solution to the problem of creating a band gap in graphene is offered by bilayers 
[25-35, 48, 104]. In this case, the equivalence between the A1 and B2 sites (see Fig. 1) makes bilayers 
zero gap semiconductors with parabolic energy bands touching at E=0. Breaking the symmetry between 
the two atomic layers –i.e. rendering the A1 and B2 sites energetically inequivalent- shifts the low energy 
parabolic bands to higher energies and opens a band-gap (Δ). Since A1 and B2 belong to different layers, 
we can now use the dual valency of double-gated devices to control the Fermi level in the flakes and the 
induced electrostatic potential energy asymmetry between the two layers. This electric field induced 
asymmetry leads to an electric field tunable band gap [48, 104]. Once the energetic equivalence between 
the A1 and B2 sites is restored, the energy gap reduces to zero and the semimetallic character of bilayers 
is recovered. Although the breaking of the interlayer symmetry was experimentally realized in various 
ways (e.g. charge transfer from the substrate to epitaxial graphene [25], chemical doping of 
mechanically exfoliated graphene on SiO2 [26]), the double gated device architecture remains most 
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attractive for real life electronic applications since it offers a straightforward way to independently and 
continuously control in-situ both the band gap and the Fermi level by means of gate voltages [27, 30, 31, 
33-35].  
The opening of an energy band gap in bilayer graphene has a characteristic fingerprint in the 
magnetotransport measurements in Hall bar devices (Fig. 13) [26]. The quantum Hall sequence of the 
conductivity characteristic of a zero-gap bilayer graphene follows the integer sequence σxy=±(4e2/h)N 
for N ≥1  with no plateau at N=0, consistent with a metallic state at the neutrality point (see Fig. 13c 
[26]). When a gap opens up in the energy band of bilayers a plateau appears at N=0 in the Hall 
conductivity (see Fig. 13c). The equidistant plateaus of σxy are the hallmark of the quantum Hall effect 
for an ambipolar semiconductor with an energy gap exceeding the cyclotron energy. The actual value of 
the gap can be extracted from a tight binding model, where the relevant hopping parameters are 
estimated from a fit to the experimental magnetotransport data (Shubnikov-de Haas oscillations). This 
analysis shows that a mid-infrared energy gap opens up in the band structure of bilayers by using 
perpendicular electric fields smaller than 1 V/nm. 
 
Figure 13. The sequence of 
Landau levels in the density 
of states (DOS) of bilayer 
graphene with two 
degenerate levels N = 0 and 
N = 1 at zero energy (a) and 
of bilayer graphene with the 
gap opened, where the 
degeneracy of the zero-
energy Landau level is lifted 
(b). (c) Quantum Hall Effect 
in doped and pristine bilayer 
graphene. In pristine bilayer, 
σxy exhibits plateaus at all integer N of 4e2/h except for N = 0. The N=0 plateau is recovered in 
chemically doped bilayer when the gap is opened. The doping also shifts the neutrality point to high Vg. 
Reprinted with permission from [26]. Copyright 2007 by the American Physical Society 
 
 
We now turn to discuss experiments on double gated bilayer graphene structures [27, 33]. A 
finite voltage applied to either of the gates (back or top gate) changes the position of the Fermi level in 
the gated region of the graphene by an amount corresponding to the induced charge density. When the 
two gates are biased with opposite polarity, a large external electric field (Eex) applied perpendicular to 
the layer is generated: Eex=(VBG-VTG)/(dBG+dTG) with dBG and dTG the thicknesses of, respectively, the 
back and top dielectric. In this device configuration, the evolution of the in-plane transport properties 
shows evidence for the opening of a band gap for Eex≠0, as we will discuss in the following.  
Fig. 14a shows typical electric transport measurements of the in-plane bilayer graphene square 
resistance (Rsq) as a function of the voltage applied to the back gate, with the top gate at a constant 
potential. The resistance clearly exhibits a maximum (Rsqmax) whose value and position in back gate 
voltage depends on the voltage applied to the top gate. In particular, Rsqmax increases for progressively 
larger external electric fields and its value for Eex ≠ 0 Vm-1 exhibits a pronounced temperature 
dependence typical of an insulating state (see Fig 14b) – i.e. an electric field induced energy gap has 
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opened. In the absence of disorder, when a gap opens in the band structure of bilayer graphene, the 
density of states in the gapped region is zero. In this ideal case, the value of Rsqmax is defined by 
thermally activated charge carriers (𝑅𝑠𝑞𝑚𝑎𝑥 ∝ 𝑒∆/2𝑘𝐵𝑇), and Δ can be accurately determined from the 
temperature dependence of Rsqmax. However, transport measurements in double gated bilayer devices 
consistently revealed that Rsqmax ∝exp(T0/T )1/3 with T0 a fitting parameter dependent on the disorder in 
the sample. This specific temperature dependence is characteristic of variable-range hopping for non-
interacting two-dimensional charge carriers in an insulator, and with disorder induced sub-gap density of 
states assisting the transport. This variable-range hopping hinders a direct estimate of Δ in transport 
experiments. 
 
 
 
Figure 14. (a) 
Square resistance 
Rsq of bilayer 
graphene as a 
function of back 
gate voltage (VBG) 
measured for 
different fixed 
values of the top 
gate voltage (VTG) 
at T=300mK. The 
inset shows the 
double gated bilayer graphene device configuration. The position of the Fermi level and the applied 
perpendicular electric field are controlled by VBG and VTG. The resistance is measured by applying an ac-
current bias Ibias and measuring the resulting voltage V across the device. (b) Temperature dependence 
of Rsq and ln(Rsq) (inset) for VBG= -50V and VTG=3V. Reprinted with permission from [33]. Copyright 
2009 IOP Publishing Ltd. 
 
Possibly the most direct measurement of an electric field induced band gap in double gated 
bilayer graphene comes from infrared spectroscopy experiments [28-31]. Whenever a band-gap is open 
in bilayer graphene, the infrared absorption displays a highly intense peak in the absorption spectra 
corresponding to the transition of charge particles from the top of the valence band to the bottom of the 
conduction band, see Fig. 15b. In particular the infrared absorption spectra shows a peak below 300meV 
–corresponding to the gap between valence and conduction band- with pronounced gate tunability: it 
gets stronger and shifts to higher energy with increasing the electric field. In this way, a continuously 
tunable band-gap from zero up to 250 meV has been directly observed, whereas the corresponding small 
increase of the maximum resistance as a function of Eex confirms a large disorder induced sub-gap 
density of states (Fig. 15a).  
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Figure 15. (a) Bilayer graphene electrical resistance as a function of top gate voltage 
(Vt) at different fixed back gate voltages (Vb). (b) Allowed optical transitions between 
different sub-bands of a graphene bilayer. (c) Gate-induced absorption spectra at the 
charge neutrality point for different applied perpendicular electric fields ( 𝐷� ). 
Absorption peaks due to transition I at gate-induced band gaps are apparent. The 
broad feature around 400 meV is due to electronic transitions II, III, IV and V. (From 
ref. [30]. Copyright 2009 Macmillan Publishers Limited.) 
 
So far, transport experiments in double gated graphene bilayers revealed an on/off ratio of the 
current with values as high as 100 at room temperature for an average electric displacement of 2.2 V/nm 
[34], making bilayers an appealing material system for real life electronic applications. This gate tunable 
band-gap holds the promise for conceptually new devices such as, flexible and gate tunable light 
emitting devices and light detectors. However, the development of bilayer graphene applications is 
subdue to the improvement of the on/off ratio of the current in these structures. Disorder introduces 
states for sub-gap energies, therefore degrading the on/off current ratio [105]. Understanding and 
controlling this disorder is mandatory for the future development of bilayer-based electronics. 
To date, single and double layer graphene are the most extensively studied materials belonging 
to the family of few layer graphene systems. Not much is known experimentally for thicker FLG and 
only recent experimental and theoretical attention has turned towards the properties of trilayer graphene. 
Fundamental questions, such as the evolution of the electronic properties from the one of mass-less 
Dirac electrons in a single layer to the massive particles of bulk graphite, can only be tackled by 
investigating the physics of few layer graphene systems which is so far largely unexplored. This 
knowledge gap prevents us from identifying the best suited thickness of FLG for a given application. 
For instance, the charge carriers mobility in bulk graphite is 106 cm2/Vs whereas typical mobilities 
measured in mechanically exfoliated single-layer graphene on SiO2 are 20000 cm2/Vs. Although naively 
one would expect a monotonous increase of mobility with increasing the number of layers, it was 
experimentally found that this is not the case –i.e. the charge carriers mobility decreases when 
increasing the number of FLG’s layer up to 4 [36, 106].  
Similarly, at the present it is not known experimentally the full extent of FLG’ band structure 
gate-tunability. Bilayer graphene was found to be the only known material system with a gate-tunable 
band gap, but virtually nothing is known experimentally on thicker few layer graphene. Indeed, recent 
experiments by Craciun et al. [36] reported that, ABA-stacked trilayer graphene is the only known 
semimetal with an electric field tunable overlap between conduction and valence band. These 
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experimental findings demonstrate that the rich physics of graphene materials extends well beyond the 
single and double layer to comprise the entire family of few layer graphene systems. 
Magneto-transport experiments in double-gated FLG structures are a reliable and efficient tool to 
investigate the intrinsic band structure gate-tunability of these material systems. Fig. 16a shows a typical 
Hall coefficient (RH) dependence on charge density –measured at fixed external perpendicular magnetic 
field- for a trilayer graphene. Noticeably, RH displays a characteristic sign reversal corresponding to the 
cross-over between different types of charge carriers in the conduction (electrons and holes). The back 
gate voltage range over which RH decreases and changes sign in trilayers is ∆VBG≈8V and it is usually 
much larger than what is observed in single and double layer graphene devices. Such a large ∆VBG 
suggests that trilayer graphene is a semimetal with a finite overlap between the conduction and valence 
bands (δε~28 meV). Note that the energy scale of the trilayer’s overlap goes well beyond the few meV 
energy scale typical of disorder induced electron-hole puddles observed in single and double layers 
[107]. 
 
Figure 16. (a) Hall coefficient as a function of back gate voltage VBG (open circles) 
for a fixed perpendicular magnetic field of 9 T at 50 mK. The red curve is a fit. The 
three insets schematically depict the position of the Fermi level (EF) at different values 
of VBG. (b) Square resistance of a trilayer device versus VBG for different values of the 
top gate voltage VTG at 50 mK. (c) Maximum square resistance Rsqmax versus external 
perpendicular electric field Eex at 50 mK. (d) Band overlap  (δε) dependence on Eex. 
(From ref. [36]. Copyright 2009 Macmillan Publishers Limited.) 
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The unique electric field tunability of the trilayers band structure is revealed by transport 
experiments in double gated devices. Fig. 16b shows the resistance of trilayer graphene as a function of 
back gate voltage for different constant top gate voltages. It is apparent that the value of Rsqmax decreases 
as the top and back gates are biased with voltages of opposite polarity and of increasing magnitude (i.e., 
Rsqmax decreases when the applied perpendicular electric field increases, see Fig. 16c). The observed 
decrease of Rsqmax as a function of external perpendicular electric field is opposed to the increase of 
Rsqmax characteristic of bilayers (see Fig. 14). Systematic studies of Rsqmax vs. Eex as a function of 
temperature reveal that the overall electric field dependence of the in-plane trilayer resistance is well 
explained within a two band model with an electric field tunable band overlap between conduction and 
valence band (δε), see Fig. 16d. To this end trilayer is the only known semimetal with a gate tunable 
band overlap.  
 
Future directions 
 
The ability to nanofabricate single- and few-layer graphene double gated devices is enabling a 
paradigm shift in condensed matter, which benefits of the unique independent control of the Fermi level 
and the in-situ gate tunable band structure of these materials. In this review, we have summarized the 
gamut of novel physical phenomena and unprecedented material functionalities accessible in double 
gated graphene-based devices. Examples include the observation of relativistic tunneling of Dirac 
particles across graphene p-n heterointerfaces (i.e. Klein tunneling), the discoveries of a gate tunable 
energy band gap in bilayers’ band structure and a gate tunable conduction-valence band overlap in 
trilayers’ band structure. 
Since the early stages of the development of double gated graphene devices, it was recognized 
that these structures hold the promise to bring solid state electronic devices a step closer to optics. In 
particular, the ability to control locally the charge density and type in single-layer graphene enabled the 
formation of in-plane gate tunable p-n junctions which are the right platform for investigating the 
tunneling of Dirac fermions. Theoretical proposals suggest that the angle dependent transmission 
(reflection) coefficient of Dirac fermions propagating throughout a graphene p-n interface, can be used 
to realize electron lenses on a chip. Due to Klein tunneling of relativistic electrons the electric current 
flowing in these devices can be focused simply by means of local gates which control the charge density 
and type, and without the need of an external magnetic field -so far the most common means used to 
bend the trajectories of charge carriers in a conductor [24]. This gate tunable electron lens is the 
fundamental device for more involved top gate shapes such as prism-shapes which can act as a focusing 
beam splitter for electrons. The ability to shape and eventually redirect by gate-refocusing a beam of 
Dirac particles in a graphene nano-circuit holds the promise for unprecedented device functionalities, 
and it is currently an open research field which is attracting growing interest. 
The dual valency of double gated devices allows the control of the perpendicular electric field 
applied onto a few layer graphene. This capability enabled the discovery of an unprecedented way to 
tune the FLG’s low energy band dispersion [59, 63, 108]. To date only the gate tunability of bilayers’ 
band structure has been extensively studied, and a few recent experiments pioneered the study of 
trilayers electronic properties. However, the gate tunability of thicker few layer graphene with more than 
three layers has not yet been experimentally studied. This gap in the present knowledge of FLG 
electronic properties prevents future technological applications from benefitting of the best suited FLG 
thickness for a given purpose. For instance, although a large gate tunable on/off current ratio in double 
gated bilayer graphene (up to 100 at room temperature) makes this material system an attractive 
candidate for transistor applications, it is experimentally unknown whether any thicker few-layer 
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graphene with more than three layers and different stacking orders then Bernal would display an even 
larger gate-tunable energy band gap as compared to bilayers. It is therefore mandatory to study and 
compare the gate tunability of FLG electronic properties as a function of the number of layers and of 
layer stackings as recently theoretically suggested [62, 63, 109]. 
To date, the gate tunable band gap induced in bilayer graphene makes this material interesting 
for electronic applications. However, an asymmetry induced by a perpendicular electric field applied 
onto bilayer graphene, not only opens a gap but affects also the pseudospin of the charge carriers [110]. 
This pseudospin characterises the layer degree of freedom, and it constitutes an additional quantum 
number for the charge carriers. Recent theoretical schemes propose the use of the pseudospin for 
conceptually novel devices in which an on/off state of the current is attained respectively for parallel and 
antiparallel pseudospin configurations in the bilayer. In these pseudospin-valve devices the polarity of 
the electric field acting on bilayer graphene plays a similar role as the magnetic field in spin-valve 
devices. So far, no experimental realization of a pseudospin-valve has been reported, remaining 
therefore a top priority in exploring the feasibility of the emerging pseudospintronic devices. 
 In the quest to tune the electronic properties of graphene systems, elemental doping is a recently 
emerged method alternative to the electrostatic gating (see Fig. 17a). In this case, foreign atoms can 
substitute carbon atoms or they can be added to the graphene lattice modifying controllably the graphene 
band structure. Recent experimental studies have already accomplished a band structure modification of 
graphene by substitution of carbon atoms with boron or nitrogen [111] and by adsorbing atoms on the 
surface of graphene (see Fig. 17b) [25, 112]. At the same time, the ability to engineer extended defects 
such as octagonal holes [113] and grain boundaries [114] in graphene crystals is a conceptually novel 
way to tailor the graphene band structure at the nanoscale. Extended defects (see Fig. 17c) can behave as 
metallic nanowires and their engineering would allow a variety of novel applications such as guides for 
charge and spin. Other defects, such as grain boundaries between crystalline graphene domains, are also 
of particular interest for future device applications on electron lenses since they are predicted to have 
high transparency or perfect reflection of charge carriers depending on their structure (see Fig. 17d) 
[114]. Therefore, the ability to engineer dopants and defects in graphene at the atomic level will play a 
central role in tailoring the electronic structure of graphene systems and will pave a new road towards 
truly nanometer scale electronic devices. 
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Figure 17. Recently emerged methods for tuning the electronic properties of 
graphene: (a) substitutional doping, (b) adsorbed atoms on graphene, (c) extended 
defects (From ref. [113]. Copyright 2010 Macmillan Publishers Limited.), and (d) 
grain boundaries (From ref. [114]. Copyright 2010 Macmillan Publishers Limited.).  
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